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with	year	of	 territory	establishment,	 although	nesting	 in	eucalypts	 increased,	while	
cliff	nesting	and	cork	oak	nesting,	and	terrain	roughness	declined.	Our	results	suggest	
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1  | INTRODUCTION
The	 geographic	 range	 of	 species	 is	 dynamic,	 often	 contracting,	 ex-








the	 ranges	 of	 exotic	 species	 introduced	 into	 new	 areas	 (Peterson,	
Papes,	&	Kluza,	2003;	Veech,	Small,	&	Baccus,	2011).	 Implicit	within	
















of	new	 food	 sources	 and	 foraging	 strategies	 (Lowry,	 Lill,	&	Wong,	
2013;	 Martínez-	Abraín	 &	 Jiménez,	 2016).	 Innovations	 in	 breed-
ing	 habitats	 include,	 for	 instance,	 avian	 nesting	 in	 human	 struc-
tures	such	as	houses	and	electric	pylons,	which	permit	overcoming	
scarcity	of	natural	nesting	 substrates	 (Martínez-	Abraín	&	Jiménez,	
2016).	Likewise,	 increasing	behavioral	 tolerance	toward	humans	 is	
normally	considered	a	prerequisite	 for	a	species	 to	colonize	urban	















the	Mediterranean	 region	 and	 its	 numbers	 have	 declined	 since	 the	
early	1980s	(Hernández-	Matías	et	al.,	2013).	In	Western	Europe,	the	
Bonelli’s	eagle	has	a	metapopulation-	like	structure	with	a	source-	sink	
dynamics,	where	 the	 only	 growing	 populations	 are	 those	 of	 south-
ern	Spain	and	southern	Portugal	(Hernández-	Matías	et	al.,	2013).	The	
population	of	southern	Portugal	 is	peculiar,	because	 it	 is	almost	ex-
clusively	made	up	of	 tree	 nesting	pairs	 (Figure	1)	 and	 is	 genetically	
divergent,	whereas	Bonelli’s	 eagle	 populations	 in	 northern	Portugal	
and	elsewhere	 in	the	 Iberian	Peninsula	and	France	are	 largely	dom-
inated	by	 cliff	 nesters	 and	well-	connected	demographically	 and	ge-
netically	(Hernández-	Matías	et	al.,	2013;	Mira,	Arnaud-	Haond,	Palma,	
Cancela,	&	Beja,	2013;	Palma,	Beja,	&	Sánchez,	2013).	This	population	
has	been	 closely	monitored	during	 the	past	25	years,	while	 it	 grew	
from	about	25	 to	at	 least	110	breeding	pairs	 (Beja	&	Palma,	2008;	
Palma	et	al.,	2013).	The	original	nucleus	was	largely	confined	to	the	
uplands	 of	 the	 extreme	 south	 of	 the	 country,	where	 the	 landscape	
is	dominated	by	 forests	and	scrubland,	 and	human	population	den-
sity	is	low,	while	the	current	population	occupies	a	much	larger	geo-
graphic	 area	with	 a	wide	 range	 of	 habitats	 and	 human	 occupation	






range	 of	 landscape	 types	 (Palma	 et	al.,	 2013).	 It	 is	 uncertain,	 how-
ever,	whether	this	expansion	was	associated	with	innovation	in	terms	
of	 new	habitats	 occupied	 and	 increasing	 tolerance	 toward	humans,	
or	 rather	 it	was	conservative	by	 largely	 retaining	 the	characteristics	
F IGURE  1 Bonelli’s	eagle	(Aquila fasciata)	nest	in	a	eucalyptus	
tree,	with	one	adult	and	two	well	grown	chicks.	Photograph	by	
Joaquim	Pedro	Ferreira
     |  3DIAS et Al.
of	the	original	population	nucleus	 in	terms	of	nesting	substrate	and	
breeding	habitats.
Here,	 we	 test	 these	 ideas	 by	 analyzing	 nesting	 habitat	 selec-
tion	by	the	Bonelli’s	eagle,	using	territories	established	in	southern	
Portugal	from	1990	to	2014	and	that	were	still	active	at	the	end	of	
the	 study	 period.	 Specifically,	we:	 (1)	 assessed	 the	 use	 of	 nesting	
substrates	by	the	expanding	population;	 (2)	characterized	environ-
mental	 conditions	within	 territories	 and	 around	 nests	 in	 terms	 of	
dominant	habitat	features	and	human	occupation	patterns;	(3)	quan-
tified	 factors	 affecting	 nesting	 habitat	 selection	 within	 territories	
using	 conditional	 logistic	 regression;	 and	 used	 quantile	 regression	






ing	 habitat	model	 in	 relation	 to	 territory	 age,	 as	 it	was	 calibrated	
considering	all	the	territories	occupied	during	the	25-	year	study	pe-



















Blue	gum	(Eucalyptus globulus)	and	pine	 (Pinus	 spp.)	plantations,	and	







The	 study	was	 based	 on	 a	 long-	term	 survey	 (1991–2014)	 of	 these	














during	 the	 study	 period.	 Every	 nest	 site	 of	 each	 breeding	 pair	was	
then	matched	with	three	points	randomly	located	at	>2,000	m	from	
each	other	and	from	the	nest	site,	within	the	corresponding	territory	









The	methods	 used	 to	 collect	 comprehensive	 information	 on	 the	
breeding	 Bonelli’s	 eagle	 population	 in	 southern	 Portugal	 have	
been	 detailed	 elsewhere	 (e.g.,	 Beja	 &	 Palma,	 2008;	 Hernández-	
Matías	et	al.,	2013;	Palma,	Beja,	Pais,	&	Cancela	da	Fonseca,	2006;	





observations	 of	 individuals	 reported	 by	 other	 researchers	 and	
birdwatchers.	Repeated	observations	of	one	or	two	adults	or	sub-
adults	within	circumscribed	areas	were	used	to	identify	potentially	
breeding	 territories,	 which	 were	 then	 thoroughly	 surveyed	 until	
nests	were	found.	A	breeding	territory	was	considered	to	be	pre-
sent	in	a	given	area	when	at	least	one	nest	was	located,	and	there	
was	 at	 least	 one	 breeding	 attempt	 (i.e.,	 at	 least	 nest	 building	 or	
repair)	 in	at	 least	1	year.	The	year	of	territory	establishment	was	




a	 likely	 time	 interval,	 for	which	we	used	 the	mid-	point	 in	 subse-
quent	analysis.	Breeding	data	were	collected	for	the	active	nests	
located	each	year	in	each	territory,	based	on	observations	carried	
out	using	binoculars	and	 telescopes	 (20–60×)	 from	a	distance	 to	
minimize	disturbance.





et	al.,	 2006).	When	 the	centers	of	neighboring	 territories	were	at	







territories	 provided	 a	 reasonable	 approximation	 to	 select	 random	





The	 buffers	 around	 nest	 sites	 and	 random	 points	 were	 character-
ized	 from	 15	 variables	 reflecting	 topography,	 human	 disturbance,	
land	cover,	and	potential	intraspecific	interactions	(Table	1,	Table	S1),	
which	were	 expected	 to	 influence	Bonelli’s	 eagles	 (e.g.,	Carrascal	&	
Seoane,	2008;	Di	Vittorio,	Sarà	&	López-López,	2012;	Muñoz	&	Real,	
2013;	 Real,	 Bosch,	 Tintó,	 &	 Hernández-	Matías,	 2016).	 All	 variables	
were	extracted	on	a	GIS	 from	digital	 thematic	 layers,	using	ArcMap	
10.1.	Topographic	variables	were	estimated	using	a	25-	m	resolution	
digital	 elevation	 model	 (http://www.eea.europa.eu/dataand-maps/
data/eu-dem).	For	each	buffer,	we	computed	the	means	and	standard	
deviations	of	elevation	and	slope	of	raster	grid	cells,	and	we	estimated	










2001;	 Rollan,	 Real,	 Bosch,	 Tintó,	 &	 Hernández-	Matías,	 2010),	 and	
their	density	was	estimated	from	electric	network	maps.	Land	cover	
was	estimated	using	Portugal’s	2007	Land	Cover	Map	with	land	cover	













Prior	 to	 statistical	 analysis,	 skewed	 variables	 were	 transformed	 to	
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spatial	 scale	 by	 comparing	 nest	 site	 and	 random	 locations	 within	

























This	 approach	 was	 used	 because	 we	 were	 interested	 in	 assessing	
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changes	over	 time	 in	 the	mean	 (median)	habitat	 conditions	used	by	
breeding	pairs,	but	also	 in	whether	variability	 in	nesting	habitats	 in-
creased	over	time	due	for	instance	to	a	few	pairs	settling	in	unusual	
habitats.	In	quantile	regression,	the	latter	hypothesis	may	be	tested	by	
examining	 temporal	 rates	of	 change	 in	quantiles	near	 the	maximum	
(e.g.,	95%	quantile)	or	the	minimum	(e.g.,	5%),	response.	Increases	in	
variability	 of	 habitat	 conditions	may	 be	 inferred	when	 the	 absolute	
value	 of	 the	 slopes	 estimated	 for	 extreme	 quantiles	 is	 significantly	
larger	 than	 that	 estimated	 for	 the	 median	 response.	 The	 analyses	
focused	on	the	relations	between	nesting	habitat	characteristics	de-
scribed	using	the	PCA	axis	and	the	first	year	of	territory	occupation.	
Also,	 we	 estimated	 relations	 between	 the	 prediction	 errors	 of	 the	
habitat	model	and	the	year	of	territory	establishment,	assuming	that	
changes	in	behavior	would	lead	to	temporal	changes	in	the	median	or	





tial	 extents	 used	 in	 this	 study	 (i.e.,	 250,	 500,	 and	1,000	m).	We	es-
timated	the	temporal	 trend	of	the	response	variables	using	ordinary	
least	squares,	and	we	then	estimated	trends	in	the	quantiles	from	5%	







study	 in	1991	were	assigned	 to	1990	as	 the	year	of	 establishment.	
These	analyses	were	performed	using	the	package	quantreg	(Koenker	
et	al.,	 2016),	 and	 results	were	visualized	 using	 ggplot2	 (Wickham	&	
Chang,	2016),	for	R	3.3.2	software	(R	Development	Core	Team	2016).
3  | RESULTS
3.1 | Bonelli’s eagle nests and nesting population
We	estimated	the	approximate	boundaries	of	84	Bonelli’s	eagle	ter-
ritories	 from	 197	 nests	 (mean	 number	 of	 nests	 per	 territory	 [±SD,	
range]	=	2.3	±	1.4,	1–8)	detected	during	 the	study	period	 (Figure	2).	
The	eagle	population	in	southern	Portugal	before	1991	was	estimated	
at	25	 territories	 (29.8%	of	 the	 total	 studied).	 For	 the	 territories	es-
tablished	after	1990	 (n	=	59),	 the	mean	 (±SD)	 estimated	year	of	es-
tablishment	 was	 2004	±	5.7	years	 (1992–2012).	 From	 all	 the	 nests	
recorded,	only	11	(5.6%)	were	on	cliffs,	whereas	the	others	(n	=	186)	
were in Eucalyptus globulus	(36.5%),	Pinus pinaster	(18.8%),	E. camaldu-
lensis	(15.2%),	Quercus suber	(14.7%),	Pinus radiata	(7.1%),	Pinus pinea 
(1.5%),	and	Populus nigra	(0.5%).	There	was	a	significant	tendency	(chi-	








rotation	 extracted	 four	 dominant	 environmental	 gradients	 that	 ac-
counted	 for	 68%–74%	 of	 total	 variance	 in	 the	 data	 and	 that	were	
largely	 consistent	 across	 scales	 (Table	2).	 The	 dominant	 gradient	
(PC1;	36%–38%	of	variance)	was	largely	related	to	terrain	ruggedness,	











logistic	 regression	models	 that	were	very	similar	at	 the	three	spatial	
scales	considered,	consistently	showing	 that	within	 territory	bound-
aries	the	Bonelli’s	eagle	nests	were	 located	 in	areas	with	higher	ter-
rain	 ruggedness	 and	 lower	 agricultural	 cover	 (PC1),	 and	 less	 human	
infrastructures	(PC2)	than	random	sites	(Tables	3	and	S2).	Also,	nests	
were	 farther	 than	 random	points	 from	 the	nearest	 nest	 of	 a	 neigh-
bor	 territory.	Support	 for	 the	negative	effect	of	elevation	 (PC3)	and	
the	positive	effect	of	forest	cover	(PC4)	was	moderate	at	the	1,000-	m	
scale	(Akaike	weights	>	0.8),	but	it	was	weak	at	lower	scales.	The	T-	Jur	




Considering	 the	 variables	 most	 related	 to	 nesting	 site	 selection	






and	S1–S5).	 In	contrast,	 there	was	no	trend	 in	the	mean	amount	of	





lower	quantiles	 (5%	and	25%)	 and	 the	positive	 slope	 for	 the	upper	
quantile	(95%),	particularly	at	the	1,000-	m	scale.	It	should	be	noted,	
however,	 that	 variation	 among	 slopes	was	 not	 significant	 (ANOVA,	
p > .05)	and	that	the	response	for	the	95%	quantile	appeared	driven	
     |  7DIAS et Al.
by	a	few	recent	territories	with	an	unusually	high	amount	of	human	
infrastructures	 around	 nests	 (Figures	3,	 S1	 and	 S2).	 Regarding	 the	






1,000-	m	 scale)	 of	 forest	 cover	 (PC4),	 declining	 in	more	 recent	 ter-






Our	 results	 suggest	 that	 during	 the	 25-	year	 expansion	 of	 Bonelli’s	
eagles	 in	 southern	 Portugal,	 the	 nesting	 habitat	 characteristics	 and	
selection	patterns	remained	very	similar	to	those	of	the	initial	popula-












the	presence	of	 a	 few	 territories	with	 unusually	 high	 infrastructure	
cover	around	nests.	Also,	a	few	recent	territories	appeared	to	have	an	
unusual	pattern	of	nesting	site	selection,	as	suggested	by	particularly	
high	model	 prediction	 errors.	Overall,	 these	 results	 suggest	 that	 an	
initial	uncommon	behavior,	tree	nesting,	may	have	triggered	the	abil-






250 m 500 m 1,000 m
PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4





























Water	bodies −0.81 −0.83 −0.85
Forests 0.76 0.77 0.78
%	Explained	
variance
36 12 11 9 37 14 11 9 38 17 11 8




The	 interpretation	 of	 our	 results	 requires	 due	 consideration	 of	
study	 design	 and	 data	 analysis	 approaches,	which	 differed	 to	 some	
extent	 from	other	 studies	 on	Bonelli’s	 eagle	 habitat	 selection.	 First,	




2012;	Gil	 Sánchez,	Molino	Garrido,	&	Valenzuela	 Serrano,	 1996)	 or	
evaluated	 species	presence/absence	using	10	×	10	km	 squares	 (e.g.,	
Carrascal	&	Seoane,	2008;	Di	Vittorio	et	al.,	2012;	Muñoz,	Márquez,	














Duchesne	 et	al.,	 2010).	 Finally,	 our	 study	 introduced	 a	 temporal	 di-
mension	to	habitat	selection	patterns	that	had	never	been	considered	
before.	Although	we	could	not	 incorporate	actual	 temporal	changes	





variables	 used	 to	 characterize	 Bonelli’s	 eagle	 habitats	 have	 either	
remained	unchanged	 (e.g.,	 elevation,	 ruggedness),	 or	 they	 likely	var-
ied	little	over	time.	In	particular,	the	area	occupied	by	the	broad	land	
cover	categories	used	in	our	study	has	remained	largely	stable	within	




















breeding	habitat	 selection	of	 tree	nesting	Bonelli’s	 eagles	 in	Cyprus	
was	also	affected	by	local	topography	and	the	availability	of	suitable	
nesting	 trees	 away	 from	 disturbance	 (Kassinis,	 2010).	 Cliff	 nesting	
Bonelli’s	eagles	also	seem	to	prefer	areas	with	high	terrain	ruggedness,	





















−3.845 1.555 −6.893,	−0.797 1.000
Elevation	(PC3) −0.707 0.533 −1.752,	0.337 0.490
Forests	(PC4) 0.529 0.533 −0.516,	1.575 0.380









−1,495 0.629 −2.728,	−0.261 1.000
Elevation	(PC3) −0.891 0.458 −1.789,	0.006 0.670
Forests	(PC4) 0.607 0.454 −0.283,	1.49 0.490









−1.833 0.956 −3.709,	0.041 1.000
Elevation	(PC3) −1.143 0.592 −2.304,	0.017 0.800
Forests	(PC4) 1.153 0.600 −0.023,	2.330 0.890
Distance	to	nest 5.240 1.480 2.338, 8.142 1.000








5% 25% 50% 75% 95%
Terrain	ruggedness	(PC1)





































































































































































































Bonelli’s	 eagles	 avoid	human	disturbance	 at	 small	 distances	 (<1	km)	
from	nesting	sites.	 It	 should	be	noted,	however,	 that	our	 inferences	








et	al.,	 2012;	Muñoz	et	al.,	 2013;	 but	 see	Bosch	et	al.,	 2010;	Muñoz	
&	Real,	 2013	 and	Real	 et	al.,	 2016).	 In	 addition,	 it	 should	 be	 noted	
















population	 nucleus,	 based	 on	 the	 assignment	 of	 individuals	 to	 the	
unique	genetic	profile	of	the	population	inhabiting	southern	Portugal	
(Mira	et	al.,	2013;	Palma	et	al.,	2013),	and	by	the	tracking	of	individ-
uals	with	 conventional	 and	 genetic	 tags	 (L.	 Palma	 and	 R.	 Godinho,	
unpublished).	 Despite	 this	 general	 trend	 for	 conservative	 behavior,	
there	was	still	some	flexibility	in	the	selection	of	the	nesting	area.	This	
was	supported	to	some	extent	by	the	decrease	in	terrain	ruggedness	
in	more	 recent	 territories,	 although	 nests	were	 consistently	 located	
in	 the	 roughest	 areas	available	within	 territories.	Also,	 there	were	a	
few	 recent	 territories	where	 nesting	 site	 selection	was	 different,	 as	
suggested	by	the	higher	cover	by	human	infrastructures	and	the	poor	






in	 southern	 Portugal	 because	 the	 individuals	 produced	 by	 the	 orig-
inal	 nucleus	 could	 find	 vacant	 nesting	 habitats	 of	 basically	 similar	
structure	in	various	landscape	types	across	the	region	(Beja	&	Palma,	
2008;	 Palma	 et	al.,	 2013),	 rather	 than	 through	 the	 occupation	 of	
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showed	that	the	genetically	isolated	tree	nesting	population	of	south-









contribution	 of	 habitat	 selection	 patterns	 to	 population	 expansion	
(Butcher	 et	al.,	 2014;	Veech	et	al.,	 2011).	 In	 particular,	we	 showed	
that	species	can	expand	despite	a	relatively	conservative	nest	site	se-
lection	behavior,	when	changes	in	land	use	and	human	demograph-




cific	 but	 relatively	 rare	 behavior	 in	 the	Mediterranean	 region	 (tree	
nesting),	which	allowed	the	colonization	of	habitats	 that	otherwise	
would	be	unavailable.	The	study	thus	adds	to	the	increasing	evidence	
suggesting	 that	 preserving	 behavioral	 diversity	 within	 populations	
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